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OUTPUT STAGE FOR HIGH POWER CLASS 
D AMPLIFIERS 

This invention describes an improved output stage for 
class D ampli?ers. The neW output stage reduces distortion 
and electromagnetic interference (EMI), and greatly 
improves the ef?ciency of the ampli?er. This invention 
employs a combination of techniques including soft 
sWitching, multiple output inductors and ferrite beads to 
achieve the desired result: a high poWer full range class D 
ampli?er that is complies With all FCC and CE speci?ca 
tions With greater than 90% ef?ciency at 1/3 poWer. 

BACKGROUND 

Class D ampli?ers convert an audio signal into high 
frequency pulses that sWitch the output in accordance With 
the audio input signal. Some class D ampli?er use pulse 
Width modulators to generate a series of conditioning pulses 
that vary in Width With the audio signal’s amplitude. The 
varying-Width pulses sWitch the poWer-output transistors at 
a ?Xed frequency. Other class D ampli?er rely upon pulse 
density modulators. Still other class D ampli?ers may rely 
upon other types of pulse modulators. For heuristic 
purposes, the folloWing discussion Will only refer to pulse 
Width modulators, but those skilled in the art Will recogniZe 
that class D ampli?ers may be con?gured With other types 
of modulators. The output of the class D ampli?er is fed into 
a loWpass ?lter that converts the pulses back into an ampli 
?ed audio signal that drives one or more audio speakers. 
This design approach produces an ampli?er With better than 
90% ef?ciency and that is more compleX than its linear 
counterpart. 

The class D ampli?er requires an integrator, a duty-cycle 
modulator, a sWitch predrive circuit, and an output ?lter. The 
half-bridge class D ampli?er using constant-frequency, 
duty-cycle modulation (FIG. 8), sums the square-Wave out 
put of the sWitching poWer transistors With the audio input 
to provide negative feedback. One cannot take the feedback 
after the loWpass ?lter unless one uses a complicated com 
pensation netWork to handle the phase shift that the ?lter 
introduces. A tWo-pole ?lter, for example, Would introduce 
a 180.degree. phase shift, Which Would cause the circuit to 
oscillate. 

The square-Wave output is synchronous With the audio 
input, but one must remove the carrier. The integrator sums 
the tWo signals and simulates the effect of the output ?lter. 
The circuit feeds the resultant error signal into the duty 
cycle modulator, Which comprises a comparator and a 
triangle-Wave generator (FIGS. 9 and 10). Then, the circuit 
compares the triangle Wave to the error signal to produce the 
modulated output. 

The modulated output is a square Wave Whose duty cycle 
is proportional to the input signal. In the half-bridge circuit, 
this output drives the upper and loWer poWer sWitches in 
antiphase; the circuit alWays drives one sWitch into satura 
tion While it cuts the other off. The square Wave causes the 
sWitches to change state as fast as possible, given the 
technology used to implement the sWitch. Fast sWitching 
limits the time that the sWitches spend in the linear operating 
region, thereby increasing ef?ciency and reducing heat gen 
eration. The combination of sWitching and conduction losses 
de?nes the upper bound of the ampli?er’s ef?ciency. The 
circuit ?lters out the high-frequency square Wave that the 
poWer sWitches generate, leaving only the ampli?ed audio 
signal. This signal then drives a ground-referenced speaker 
load. 
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2 
Class D ampli?ers are Well knoWn for their high ef?ciency 

Which is typically greater than 90% at full poWer. But like 
class AB ampli?ers, the efficiency of a class D ampli?er is 
poor at loW poWers. This is especially true in full bandWidth 
class D ampli?ers Where the sWitching frequency is very 
high, 500 khZ or greater. At loW poWers, the sWitching losses 
prevent class D ampli?ers from achieving 90% ef?ciency. 
This is important in music applications Which have a loW 
average poWer With high peak poWers. Thus, the ef?ciency 
bene?ts of class D ampli?ers are rarely realiZed to their full 
potential in music applications. High poWer class D ampli 
?ers radiate electromagnetic interference. This radiation can 
interfere With other electronics components. Such electro 
magnetic interference (EMI) is one ofthe main reasons that 
class D ampli?ers have yet to be adopted as the industry 
standard. The output stage discussed beloW reduces EMI by 
minimiZing both di/dt and dv/dt spikes. The result is a more 
ef?cient poWer ampli?er that does not interfere With other 
electronic equipment. 

SUMMARY 

The invention implements active soft sWitching along 
With ferrite beads and a core reset netWork to reduce the 
sWitching losses and EMI generally associated With a high 
poWer class D ampli?er. The beads are placed in series With 
the mosfets inside the current loop that recovers the charge 
stored in the commutating diodes. A core reset netWork 
includes a Zener and diode Which alloWs the core to reset 
every time the mosfets turn off. The reset netWork prevents 
the beads form saturating. To better control the recovery 
current in the commutating diodes, active soft sWitching 
With an adjustable turn on delay is included. This delay 
prevents the pmos from turning on prematurely and thus 
eliminates the risk of hard sWitching. TWo small inductors 
are included betWeen the mosfets. These inductors eliminate 
the risk of shoot through current When both mosfets are on, 
and thus alloW for a very small dead time. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a schematic for a loW voltage half bridge 
output stage; 

FIG. 1B is a schematic for a high voltage output stage; 
FIG. 2 is a schematic for an output stage that uses 

inductance to eliminate the dead time; 
FIG. 3 is a schematic for an improved output stage that 

uses beads to recover the commutating diodes; 

FIG. 4 is a schematic for a gate drive circuit With passive 
soft sWitching; 

FIG. 5 is a schematic for a gate drive circuit Which 
implements active soft sWitching; 

FIG. 6 is a schematic for a gate drive circuit With active 
sWitching and adjustable turn on delay; 

FIG. 7 is a schematic for aneW output stage for class D 
modulators Which incorporates active soft sWitching With an 
adjustable delay and uses beads to recover the commutating 
diodes. 

FIG. 8 is a circuit diagram of a prior art class D ampli?er; 
FIG. 9 is a partial circuit diagram of a prior art duty-cycle 

modulator/comparator; 
FIG. 10 is a Waveform diagram of the input signals and 

the output signal of a prior art class D ampli?er. 

DETAILED DESCRIPTION 

FIG. 1A depicts the output stage that is typically used in 
loW voltage applications. Shottky diodes D1, D2 are placed 
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in parallel With the body diode of the mosfets M1, M2. If IL 
is ?owing into the bridge as shown, When M2 turns off, IL 
Will ?oW through D2 until M1 turns on. This deadtime is 
necessary to ensure that M2 turns off before M1 turns on. 
This technique only Works When the forWard drop of the 
Schottky diode D1, D2 is loWer than that of the body diode 
built into the mosfets. The body diode is too sloW to use in 
high frequency sWitching ampli?ers because the body diode 
stores too much charge and takes too long to recover. Since 
the forWard drop of a Shottky diode increases With its 
blocking voltage, the technique shoWn in FIG. 1A is only 
suitable When the bus voltage is loW, less than 20 v. 
At higher bus voltages the body diode must be blocked 

With a series Shottky diode, D3 in FIG. 1B. A Shottky or 
ultrafast silicon diode D4 is placed around the series Shottky 
D3 and mosfet to handle the commutating current. Shottky 
diodes are preferred to silicon diodes because Shottky 
diodes have no stored charge. For economical reasons fast 
silicon diodes are generally used. Since these have a ?nite 
stored charge, the recovery of this diode often creates very 
high di/dt spikes Which in turn lead to radiation and EMI. 

FIG. 2 shoWs a halfbridge that uses Shottky diodes D7, 
D8 to block the body diode and ultrafast recovery silicon 
diodes D3, D4 to commute the load current. TWo inductors 
L3 and L4 limit the shoot through current in the mosfets. 
This alloWs the dead time to be very small. Since dead time 
is the primary source of distortion in Class D ampli?ers, 
these inductors are all but required to achieve loW distortion. 
Unfortunately, these inductors do not limit the recovery 
current of D5 and D6, the commutating diodes. Thus, L3 and 
L4 do not help With EMI. 

FIG. 3 shoWs the solution. Ferrite beads 10, 12 are added 
in series With both mosfets. To prevent saturation bead 
recovery netWorks 20, 22 are used in parallel With each bead 
device 10, 12. The netWorks 20, 22 alloW the beads 10, 12 
to reset and thus prevent saturation. Since the beads 10, 12 
are in the recovery path of diodes D5 and D6, they limit the 
recovery current, reduce sWitching losses, and EMI. Z1 and 
Z2 are 13.6 v Zener diodes. D4 and D2 are standard silicon 

diodes. To understand the recovery netWorks 20, 22, con 
sider the case When current is ?oWing in M3 as shoWn in 
FIG. 3. When M3 turns off, the load current commutes to the 
diode, D5. Since the ferrite bead 12 is a lossy inductor the 
current in it must continue to How through D3, Z2, and D4. 
The voltage on the drain of M3 is limited by the recovery 
netWork 22 to tWo diodes plus the Zener breakdoWn of Z2. 
This circulating current decays While the upper mosfet M4 
turns on. Because drain blocking diodes D1, D3 are used, the 
upper mosfet M4 supplies no current and is not involved in 
the circuit until the current reverses. By judicious choice of 
Z2, the current circulating in the recovery netWork Will 
decay to Zero before M3 turns on. The bead Will limit the 
recovery current in D5 as its core has been reset. When done 
correctly the result is Zero current sWitching. 

Further improvements to the circuit in FIG. 3 include the 
addition of soft sWitching. Passive soft sWitching is shoWn 
in FIG. 4. The resistors RU, RL turn on the mosfets M1, M2 
sloWly and the anti-parallel diodes D44 and D45 alloW for 
a fast turn off. This circuit is limited in frequency because 
the sloW turn on increases conduction losses. Full bandWidth 
audio require sWitching frequencies around 500 kHZ. The 
increased conduction loss counteracts the bene?t of soft 
sWitching at these high sWitching frequencies. FIG. 5 uses 
active soft sWitching to reduce conduction loss. Consider the 
UGD circuit ?rst. At turn on, the gate of M2 charges sloWly 
through a the resistor 5RU Which is generally ?ve (5) times 
greater than the corresponding resistor RU used in passive 
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4 
soft sWitching. When the source of M2 rises above +Bus, the 
UGD voltage Will be at +Bus+12 v. D4 and R2 Will turn on 
the PNP, Q1, quickly enhancing the mosfet M2. This mini 
miZes conduction losses, because turn on is sloW While the 
output rises very quick after the transition. Quick turn off is 
provided by D2. The circuit associated With the loWer gate 
is functionally identical. 

Active soft sWitching encounters tWo problems: the PNP 
Q1, Q2 can turn on While the output is still transitioning and 
it can also turn on as soon as the UGD signal transitions from 
loW to high (as the emitter is pulled high, the base to 
collector capacitance tends to keep the base, from folloWing 
the emitter). FIG. 6 solves both problems With the addition 
of capacitors C1 and C2. This implementation uses pmos 
devices M3, M4 instead of bipolar transistors, but both Will 
Work. The capacitance forces the gate to track the source 
When either UGD or LGD transitions high. Filters R1, C1 
and R2, C2 also create an adjustable delay Which prevents 
the pmos from turning on While the output is transitioning. 

FIG. 7 shoWs hoW all the pieces ?t together. Active soft 
sWitching With an adjustable delay is comprised of M3, C1, 
R1, R2, D4, 5RU, D2 in the upper gate drive circuits and 
M4, C3, R3, R4, 5RL, D13 in the loWer gate drive circuit 
The loWer recovery netWork includes a ferrite bead B2, Z2, 
D12 and D10. The upper netWork includes D1, D2, Z1 and 
B1. The commutating diodes are ultrafast silicon, D5 and 
D6. The drain blocking diodes are Z2 and Z1. 

When active soft sWitching and beads With recovery 
netWorks are employed together the improvements in per 
formance are substantial, Ef?ciency of 90% is possible at 1/3 
poWer, because sWitching and conduction losses are, mini 
miZed. With proper adjustment of the recovery netWork, the 
circulating current Will decay before mosfet turn on resulting 
in Zero current sWitching. Since the beads limit di/dt and 
dv/dt electromagnetic radiation is minimal. This technique 
has been successfully employed to build a CE/FCC com 
pliant 1000 Watt class D ampli?er With 92% ef?ciency at 330 
Watt. Ef?ciency at higher poWer approaches 96%. 

While the above description provides one or more 
eXamples of the invention, those skilled in the art may make 
further changes, additions, modi?cations and deletions to 
described components Without departing from the spirit and 
scope of the appended claims. 
What is claimed is: 
1. A class D ampli?er With reduced electromagnetic 

interference comprising: 
upper and loWer poWer supply buses; 
a pulse Width modulator coupled betWeen the supply 

busses for receiving an input audio signal and for 
generating a pulse Width modulated output signal 
Where the Width of a pulse is proportional to the 
amplitude of the audio input; 

an output bridge With upper and loWer mosfets, Wherein 
the output of the pulse Width modulator is coupled to 
the gates of the bridge mosfets; 

?rst and second inductors, each coupled to an output 
terminal of the ampli?er and the ?rst inductor coupled 
to the upper mosfet and the second inductor coupled to 
the loWer mosfet; 

?rst and second commutating diodes, the ?rst commutat 
ing diode coupled to ?rst inductor and to the loWer bus 
and the second commutating diode coupled to the 
second inductor and to the upper bus; 

a ?rst diode and bead netWork coupled in series With the 
upper mosfet and the upper bus; and 
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a second diode and bead network coupled in series with 
the lower rnosfet and the lower bus. 

2. The class D ampli?er of claim 1 wherein the ?rst and 
second diode and bead networks each comprise a ferrite 
bead device in series with a ?rst diode and a Zener diode and 
a second diode in series with each other and in parallel with 
the bead and ?rst diode. 

3. The class D arnpli?er of claim 1 further comprising ?rst 
and second soft switching networks in series, respectively 
with the gates of the upper and lower rnosfets. 

4. The class D arnpli?er of claim 3 wherein each of the 
soft switching networks comprises a parallel arrangement of 
a ?rst resistor, a forward blocking diode, a transistor with 
input and output terminals in parallel with the forward 
blocking diode and a control terminal, and a series circuit 
comprising one or more resistors and a reverse blocking 
diode and coupled to the control terminal of the transistor. 

5. The class D arnpli?er of claim 4 wherein the transistor 
is bipolar transistor with its collector and emitter coupled in 
parallel with the forward blocking diode and its base 
coupled to the series circuit. 

6. The class D arnpli?er of claim 4 wherein the transistor 
is rnosfet transistor with its source and drain coupled in 
parallel with the forward blocking diode and its gate coupled 
to the series circuit. 

7. The class D arnpli?er of claim 3 wherein each soft 
switching network further comprises a capacitor coupled 
between one of the input or output terminals of the transistor 
and to the control terminal of the transistor. 

8. The class D arnpli?er of claim 7 wherein the transistors 
are bipolar transistors and the capacitors are connected from 
the emitter or collector to the base. 

9. The class D arnpli?er of claim 7 wherein the transistors 
are rnosfets and the capacitors are connected from the source 
or drain to the gate. 

10. A class D arnpli?er with reduced electromagnetic 
interference cornprising: 

upper and lower power supply buses; 
a pulse width rnodulator coupled between the supply 

busses for receiving an input audio signal and for 
generating a pulse width rnodulated output signal 
where the width of a pulse is proportional to the 
amplitude of the audio input; 

an output bridge with upper and lower rnosfets, wherein 
the output of the pulse width modulator is coupled to 
the gates of the bridge rnosfets; 

?rst and second soft switching networks in series, respec 
tively with the gates of the upper and lower rnosfets, 
wherein each of the soft switching networks comprises 
a parallel arrangement of a ?rst resistor, a forward 
blocking diode, a transistor with input and output 
terminals in parallel with the forward blocking diode 
and a control terminal, and a series circuit comprising 
one or more resistors and a reverse blocking diode and 
coupled to the control terminal of the transistor. 

11. The class D arnpli?er of claim 10 wherein the tran 
sistor is bipolar transistor with its collector and emitter 
coupled in parallel with the forward blocking diode and its 
base coupled to the series circuit. 

12. The class D arnpli?er of claim 10 wherein the tran 
sistor is rnosfet transistor with its source and drain coupled 
in parallel with the forward blocking diode and its gate 
coupled to the series circuit. 

13. The class D arnpli?er of claim 10 wherein each soft 
switching network further comprises a capacitor coupled 
between one of the input or output of the transistor and to the 
control terminal of the transistor. 
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6 
14. The class D arnpli?er of claim 13 wherein the tran 

sistors are bipolar transistors and the capacitors are con 
nected from the emitter or collector to the base. 

15. The class D arnpli?er of claim 13 wherein the tran 
sistors are rnosfets and the capacitors are connected from the 
source or drain to the gate. 

16. A class D arnpli?er with reduced electromagnetic 
interference cornprising: 

upper and lower power supply buses; 
a pulse width rnodulator coupled between the supply 

busses for receiving an input audio signal and for 
generating a pulse width rnodulated output signal 
where the width of a pulse is proportional to the 
amplitude of the audio input; 

an output bridge with upper and lower rnosfets, wherein 
the output of the pulse width modulator is coupled to 
the gates of the bridge rnosfets; 

?rst and second soft switching networks in series, respec 
tively with the gates of the upper and lower rnosfets, 
wherein each of the soft switching networks comprises 
a parallel arrangement of a ?rst resistor, a forward 
blocking diode, a transistor with input and output 
terminals in parallel with the forward blocking diode 
and a control terminal, and a series circuit comprising 
one or more resistors and a reverse blocking diode and 
coupled to the control terminal of the transistor and a 
capacitor coupled between one of the input or output 
terminals of the transistor and to the control terminal of 
the transistor. 

17. The class D arnpli?er of claim 16 further comprising 
?rst and second inductors, each coupled to an output termi 
nal of the arnpli?er and the ?rst inductor coupled to the 
upper rnosfet and the second inductor coupled to the lower 
rnosfet; 

?rst and second cornrnutating diodes, the ?rst commutat 
ing diode coupled to ?rst inductor and to the lower bus 
and the second cornrnutating diode coupled to the 
second inductor and the and the upper bus; 

a ?rst diode and bead network coupled in series with the 
upper rnosfet and the upper bus; and 

a second diode and bead network coupled in series with 
the lower rnosfet and the lower bus. 

18. A class D arnpli?er with reduced electromagnetic 
interference cornprising: 

upper and lower power supply buses; 
a pulse width rnodulator coupled between the supply 

busses for receiving an input audio signal and for 
generating a pulse width rnodulated output signal 
where the width of a pulse is proportional to the 
amplitude of the audio input; 

an output bridge with upper and lower rnosfets, wherein 
the output of the pulse width modulator is coupled to 
the gates of the bridge rnosfets; 

?rst and second inductors, each coupled to an output 
terminal of the arnpli?er and the ?rst inductor coupled 
to the upper rnosfet and the second inductor coupled to 
the lower rnosfet; 

?rst and second cornrnutating diodes, the ?rst commutat 
ing diode coupled to ?rst inductor and to the lower bus 
and the second cornrnutating diode coupled to the 
second inductor and the and the upper bus; 

a ?rst diode and bead network coupled in series with the 
upper rnosfet and the upper bus; and 

a second diode and bead network coupled in series with 
the lower rnosfet and the lower bus; 
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?rst and second soft switching networks in series, respec- side diode coupled to the loW side transistor and 
tively With the gates of the upper and lower Inesfets, norrnally reversed biased With respect to a low side 
Wherein each of the soft sWitching netWorks cornprises Supply Voltage; 
a parallel arrangement of a ?rst resistor, a forWard 
blocking diode, a transistor With input and output 5 
terminals in parallel With the forWard blocking diode 

the high side inductor coupled betWeen the high side 
poWer transistor and the load inductor and the loW side 

and a Control terminal, and a Series Circuit Comprising inductor coupled betWeen the loW side poWer transistor 
one or more resistors and a reverse blocking diode and and the load lnductor; and 
coupled to the control terminal of the transistor and a a ?rst pair of diodes connected together and coupled to the 
capacitor coupled betWeen one of the input or output 10 high side poWer transistor for Zeroing current in the 
terminals of the transistor and to the control terminal of high side inductor when the high side power transistor 
the tfaIlSiStOf- cornrnutates and a second pair of diodes connected 

19- A Class D ampli?er With an Output Stage Comprising? together and coupled to the loW side poWer transistor 
three inductors including a load inductor, a high side for Zeroing current in the loW side inductor When the 

inductor and a low side indllCt0r; 15 loW side poWer transistor cornrnutates. 
a high side poWer transistor for alternately coupling the 20. The Class D arnpli?er of claim 19 Wherein one of the 

load inductor to a positive voltage supply and a high ?rst pair of diodes is a Zener diode. 
side diode coupled to the high side transistor and 21. The Class D arnpli?er of claim 20 Wherein the Zener 
normally reversed biased With respect I0 a high Side diode is connected to the high side inductor through the high 
Supply Voltage; side poWer transistor. 

a loW side poWer transistor for selectively coupling the 
load inductor to a negative voltage supply and a loW * * * * * 


